Interesting properties like low cost processing, green, flexible, solution processable, etc. of organic semiconductors have attracted the attention of researcher for the next generation optoelectronics applications. Reduced graphene oxide (rGO) has been prepared by modified Hummers' method followed by reduction using hydrazine hydrate as reducing agent. RGO incorporated poly[3-hexylthiophene-2,5-diyl] (P3HT) composite films have been been fabricated by solution processing followed by spin coating method using 1,2-dichlorobenzene as solvent. Structural and morphological characterisation of the composite film has been analysed by XRD, SEM and FESEM. The rGO was observed to be well dispersed in the polymer matrix. Functional characteristics and interaction between filler and host P3HT matrix has been studied by Fourier transform infrared spectroscopy (FTIR) and Raman characterisation. An increase in electrical conductivity has been observed for the rGO incorporated film. Applicability of the composite for different optoelectronic devices has been illustrated by using cyclic-voltammetry characterisation. Improvement in electrical characteristics of the composite can be attributed to π-π interaction between rGO network and P3HT in the composite.
Introduction
Efficient electron-hole generation and collection of the same at the electrodes are key concepts for developing photovoltaic devices with better efficiency. The photo generated electron-hole pair needs efficient dissociation sites for contributing to the photocurrent. This dissociation generally takes place at the interface between the heterojunction created by semiconductors of different electron affinity. Poly[3-hexylthiophene-2,5-diyl] (P3HT) and Phenyl-C61-butyric acid methyl ester (PCBM) are being widely used as donor-acceptor blend in most of the organic devices (Heeger, 2001; Tompson and Frechet, 2008) . P3HT, a p-type organic π-conjugated semiconducting polymer is being widely investigated as electron donor constituent for organic solar cell applications. The high absorption co-efficient of the organic semiconductors makes them attractive host for optoelectronic application (Miller et al., 2008) . In addition their self-organising property provides a controlled pathway for manipulating the physical properties. However, the observed efficiency in organic solar cells is very less compared to that of inorganic solar cells like crystalline silicon and perovskite solar cells when applied in the active layer of the organic solar cells. Different approaches like single layer and bilayer or heterojunction concept have been proposed earlier for improving the performance of such organic solar cell. But small carrier diffusion length of around 10 nm with proximal absorption which needs at least 100 nm thickness for efficient absorption is very challenging for fabricating organic solar cell with better efficiency (Sun and Sariciftci, 2005) . The discovery of bulk heterojunction concept for organic solar cell devices has opened up wider doors for this field. Due to higher interfacial interaction between donor and acceptor, bulk heterojunction is being regarded as an effective approach compared to the single and bilayer device structure. Several articles have reported about the replacement of PCBM with some inorganic semiconductors like CdSe, CdTe, ZnO along with carbon nanotubes (CNTs) and graphene with proven better performance (Huynh et al., 2002; Liu et al., 2004; Law et al., 2005; Oosterhout et al., 2009 ). The discovery of graphene (Novoselov et al., 2004) , a single layer of sp2 hybridised carbon atoms arranged in a 2-dimensional lattice possess extraordinary physical properties and its ability to be dispersed in various organic matrices has attracted tremendous attention towards practical application. Carbon nanotubes as well as graphene are reported to exhibit higher carrier mobility and electrical conductivity (Bunch et al., 2008) coupled with higher surface area (Du et al., 2008) and low mass ratio (2630 m 2 /gm) and zero bandgap of graphene endows extended charge carrier percolation network in polymer network. Similar to CNTs, higher planar electrical conductivity [6000 S/cm], thermal conductivity and mechanical properties make graphene attractive for next generation optoelectronic devices. As the work function of graphene (~ 4.5 eV) lies between the HOMO and LUMO level of P3HT, it could act as a better electron acceptor for solar cell applications. Exposure of both the surfaces of graphene can create more exciton dissociation centres that could improve solar cell device performance. Higher photovoltaic performance has already been reported using rGO grafted P3HT in solar cell. Hence understanding structural changes and its effect on the physical properties of such composites is much needed for further enhancing the device performance.
Experimental

Materials
Poly 3-hexyl thiophene 2,5-diyl was procurred from sigma aldrich co., USA and was used as received. 1,2 dichlorobenzene used for preparation of the composite dispersion was purchased from TCI chemicals and used as received. Tetra butyl ammonium hexafluorophosphate (Bu 4 NPF 6 ) and acetonitrile used for cyclic voltammetric measurements were purchased from Sigma Aldrich Co. and has been used as received.
Synthesis of graphene oxide (GO) and reduced graphene oxide (rGO)
GO has been prepared by modified Hummers and Offman's method as described below (Hummers and Offeman, 1958) . Initially 1 gm of graphite powder and 0.5 gm of NaNO 3 was taken in a beaker containing 25 ml of H 2 SO 4 and stirred in ice cooled bath for 1 hour. Then 3 gm of KMnO 4 was slowly added to the above mixture and stirred for another 2 hours. Then the cooling bath was removed and as it reaches room temperature 100 ml of distilled water was added. As distilled is added the temperature rises to around 90°C due to presence of H 2 SO 4 . After 15 minutes again around 300 ml of distilled water was added and stirred for another 1 hour, when the suspension gradually turned mud brown. After that 10 ml of 30% H 2 O 2 was added to the above dispersion, stirred for another 15 minutes and the reaction was stopped. Then the above dispersion has been diluted by distilled water and the pH is maintained neutral by washing repeatedly in distilled water. The filtered material is collected from the membrane filter and dried to get GO.
GO has been reduced using hydrazine hydrate as reducing agent (Bkakri et al., 2015) . In a typical reduction procedure around 100 mg of prepared GO was taken in a 1 litre beaker and mechanically sonicated until a clear dispersion is obtained. The dispersion is transferred to a 1 litre round bottom flask fitted with a condenser. The GO dispersion was stirred in an oil bath until the bath temperature reached ~ 90°C. At ~ 90°C, 5 ml of hydrazine hydrate was slowly added to the above GO dispersion. The reaction was continued for 4 hours and stopped. Precipitated rGO sheets were separated by filtration using a membrane filter and washed with distilled several times and dried to collect rGO.
Preparation of rGO-P3HT composite
For the deposition of the thin film glass substrate was washed in detergent, sonicated in acetone and isopropanol for 10 minutes each and dried over a hot plate at ~70 °C. RGO-P3HT film has been fabricated by spin coating the precursor dispersion over glass substrate at 600 RPM for 1 minute to get a film of ~ 200 nm thickness. In a typical procedure around 10 mg of P3HT was dispersed in 1ml of 1,2-dichlorobenzene to prepare the host. Then 2 mg of rGO was dispersed in 10 ml of 1, 2-dichlorobenzene by ultrasonication for 10 hours. Different quantity of the rGO dispersion was dispersed in the P3HT host to prepare the composites. Then 40 μl of the above dispersion was spun onto the cleaned glass substrate at 600 RPM for 1 min and baked over a hot plate at 70°C to get a film of thickness ~ 200 nm. All the chemical processing, deposition and measurements were carried at ambient conditions. The as-synthesised GO and rGO were characterised by X-ray diffraction (XRD), scanning electron microscopy (SEM) and Raman spectroscopy. 
Characterisations
X-ray diffraction (XRD) chacteristics of the prepared precursor material and composite films have been studied in the 2θ range 5°-60° to study the crystal structure and phase of the materials using a x-ray diffractometer (Ultima IV, RIGAKU) equipped with a copper Kα source(wavelength λ = 1.54 A°). The XRD plots of GO and rGO is shown in Figure 1 (c) while that of P3HT and its hybrid composites is presented in Figure 3 (c).
Scanning electron microscopy (SEM) images have been obtained using a field emission scanning electron microscope (Nova NanoSEM 450/FEI). Raman spectroscopy is being used as an important tool for investigating the electronic structure as well as crystal structure of materials. Raman spectra for rGO obtained with an excitation source of wavelength 532 nm is shown in Figure 1 (d) and that of P3HT and its rGO based hybrid composites is presented in Figure 3 (d). The cyclic voltammetry characterisation of P3HT and its rGO based composite [ Figure 3 (e)] has been carried out using a potentiostat-galvanostat in ac 3-electrode electrolytic cell. Glassy carbon electrode has been taken as working electrode, Ag/AgCl as the reference electrode and Pt-wire as the supporting electrode. 0.01 N tetrabutyl ammonium hexafluorophosphate (Bu 4 NPF 6 ) has been used as electrolyte and acetonitrile has been used as the supporting electrolyte for the C-V measurement.
Results and discussion
SEM micrographs of the prepared of exfoliated Graphene oxide (GO) and well exfoliated reduced Graphene oxide is shown in Figures 1(a) and 1(b) respectively. The rough surface observed in the SEM image of GO is due to the presence of functionalities on the surfaces as well as edges. From the X-ray diffraction pattern of GO and rGO [ Figure 1 (c)], it could be observed that the broad diffraction peak appears at 2θ value ~11° corresponding to (001) planes for exfoliated GO is due to increase in the d-spacing after attachment of functional groups like epoxy, hydroxyl and carboxyl groups on the basal planes (Paredes et al., 2008; Tong et al., 2011) . Whereas, the broad peak around 26° in the XRD of GO arises from the remaining unoxidised graphitic domains present in the material. However, after reduction using hydrazine hydrate the peak ~ 11° is no more observed in the XRD which signifies the removal of the attached functional groups. In rGO, the broad diffraction peak shifts to 2θ = 26.4° corresponding to (002) planes with inter planar spacing of 0.335 nm that signifies the restoration of the sp 2 domains after reduction (Fu et al., 2013) . The decrease in the interplannar d-spacing can be better understood from the fig.2 where the most of the functional groups are removed from the basal planes of rGO after reduction using hydrazine hydrate (Stankovich et al., 2007; Pei and Cheng, 2012) . As previously reported, the Raman spectra of rGO [ Figure 1(d) ] reveals peaks at 1,346 cm -1 and 1,578 cm -1 could be assigned to D-band and G-band respectively (Ferrari et al., 2006; Dresselhaus et al., 2010) . The intensity ratio of D-band and G-band (ID/IG) which gives a measure of the quality of the graphene prepared has been calculated to be 1.26 that indicates some defects induced due to removal of functional groups after reduction of GO.
Film morphology, filler dispersion, aggregation, etc. play a vital role on the electrical and optical properties of the synthesised materials (Wakizaka et al., 2004; Wang et al., 2005) . From Figures 3(a) and 3(b) it can be observed that the rGO sheets are well wrapped by the P3HT host matrix. The XRD of P3HT and its hybrid composite [ Figure 3(c) ] revealed a sharp difraction peak at 2θ value of ~ 5.32° which is related to the P3HT crystallites at the axis-orientation and side chains perpendicular to the substrates (Kadem et al., 2014) . The broad peak at 2θ = 23.8° arises from the first and higher order reflections from large length d-spacing for P3HT corresponding to the inplane inter-chain distance (Karim, 2012) . After incorporation of rGO, the broad peak at 5.32° shifts towards higher 2θ values to 5.67°. The shift in the peaks position indicates strong interaction between rGO and P3HT that leads to structural modification of P3HT. Higher peak height with rGO content might be due to incorporation of the fillers into the host matrix. No characteristic peaks of rGO was observed in the composite could be due to the wrapping of P3HT around rGO. Also the small peaks arising from the higher order reflection of P3HT are absent in the composites. 
GO
Raman spectroscopy is being used as an important tool to investigate the structural and electrical properties of polymer (P3HT) and its nano-composites because it is more sensitive to both the electronic and the vibrational structure of nano-composites (Baibirac et al., 1998) . For P3HT [Figure 3(d) ] the two strong peak observed at 1,378 cm -1 and 1,449 cm -1 corresponding C -C skeletal deformation and C = C ring deformation of P3HT respectively (Tsoi et al., 2011) . From the Raman spectra of graphene incorporated P3HT composites, shift in the peak position of D-band (1,342 cm -1 ) and G-band (1,579 cm -1 ) has been observed. This shift in the peak position indicates the structural changes of the composite and presence of ground level interaction between rGO and P3HT due to the incorporation of 2-D reduced graphene oxide nano sheets in the polymer matrix. The observed ID/IG for composite is also very less (~ 0.91) compared to that of rGO (~ 1.26). The comparative decrease in D-band intensity might be due to the filling up the reduction induced defect states on the basal plane of rGO by the P3HT crystallites. These structural changes might be due to the interaction between the P3HT and reduced graphene oxide as revealed from the x-ray diffraction data. 
The cyclic voltammetry characterisation of the pristine P3HT and rGO incorporated P3HT has been presented in Figure 3 (e). From the C-V characteristics curve it could be observed that after rGO incorporation there is a decrease in the oxidation potential of the composite as already reported by Chang et al. (2010) . The E ox and HOMO level of P3HT and GP3HT has been calculated using the formula given below:
Using the above formula the E ox /HOMO has been calculated to be 0.8 V/-5.2 eV and 0.68 V/-5.08 eV respectively. The decrease in the electron affinity and hence increase in HOMO level in the composite could be ascribed to the interaction between rGO sheets and P3HT matrix as suggested from the XRD and Raman characterisations. From the above results, the decrease in 'E ox ' with the incorporation of rGO in the P3HT is expected to play a very crucial role in the optoelectronics applications especially in photovoltaics. As rGO is chemically stable and highly hydrophobic, hence rGO incorporation is expected to better the chemical stability of the composites. Availability of dual surfaces of rGO for electronic interaction could enhance the exciton dissociation as well as carrier mobility in the active layer of the device towards better device performance. The increase in HOMO level of the rGO incorporated composite could play a vital role in enhancing the 'V oc ' when applied in the active layer of the photovoltaic device (Bkakri et al., 2015) . The incorporation of highly conductive rGO nano sheets into the P3HT matrix could increase the carrier mobility when fabricated in the active layer of the solar cell devices.
Conclusions
From the above investigations it could be concluded that in the graphene incorporated P3HT composite, rGO sheets are well wrapped by P3HT matrix. Existence of strong interaction is inferred from the spectroscopic investigation. The decrease in 'E ox ' and hence increase in HOMO level can be accredited to the interaction between rGO sheets and P3HT matrix in the polymer composite as investigated from the spectroscopic investigations. Better connectivity between the rGO sheets could ease the carrier transport in the active layer of the device. The above observed improved physio-chemical properties of the rGO incorporated P3HT composites could be helpful for fabrication of active layer of solar cells with improved device performance.
